The effects of a unilateral interruption of the dorsolateral funiculus at cervical level on the survival of motor cortex neurons was investigated in macaque monkeys. The lesion was set on the left side at the transition region between the 7 th and 8 th cervical segments, above the motoneurons controlling hand muscles. As a result, the homolateral hand became paretic although an incomplete recovery of manual dexterity took place during 2 months post-lesion. A quantitative anatomical assessment of pyramidal neurons in layer V was performed in the hindlimb area of the primary motor cortex and in the supplementary motor area (SMA-proper). The pyramidal neurons were visualized using the marker SMI-32 and thus included the subpopulation of corticospinal neurons. These quantitative data demonstrated that the vast majority of the axotomized corticospinal neurons did not degenerate but their soma shrank, as compared to the opposite hemisphere or to intact monkeys. This conclusion is in contrast with some previous studies in monkeys arguing for a substantial degeneration of motor cortex neurons as a result of transection of the corticospinal tract, but in agreement with others concluding to a survival of most CS neurons.
Introduction
Several studies in monkeys have examined the effects of interrupting the corticospinal (CS) tract at various levels along its pathway towards their targets in the spinal cord. In particular, investigations assessed the consequences of pyramidotomy, a lesion aimed at selectively interrupting the CS axons originating from one -or in the case of bilateral pyramidotomy -from both hemispheres (Beck and Chambers 1970; Bucy 1957 Bucy , 1966 Chapman and Wiesendanger 1982; Hepp-Reymond and Wiesendanger 1972; Hepp-Reymond et al., 1974; Kucera and Wiesendanger 1985; Lawrence and Kuypers 1968; Lawrence and Hopkins 1976; Schwartzmann 1978; Tower 1940; Woolsey et al., 1972) . As reviewed in detail (Hepp-Reymond 1982) , recovery after pyramidotomy in monkeys is variable and depends upon the precise location and extent of the lesion, post-lesion survival, and evaluation of types of movements and/or behaviour.
Other studies assessed the deficits associated with interruption of the CS tract at a segmental level in monkeys (Aoki and Mori 1979; Bernhard et al., 1953; Denny-Brown 1966; Galea and Darian-Smith 1997a,b; Holmes and May 1909; Mettler 1944; Sasaki et al., 2004; Schmidlin et al., 2004) . A surprisingly good and rapid recovery of dexterous finger movements of the ipsilateral hand took place after hemisection at C3 level in either newborn and juvenile monkeys (Galea and Darian-Smith 1997a,b) , or in adult monkeys after hemisection at C4/C5 (Sasaki et al., 2004) or C7/C8 level (Schmidlin et al., 2004) . Retrograde tracing experiments showed that, immediately after the C3 hemisection and later on during the recovery, there was a dramatic reduction of the CS projection to the hemicord caudal to the lesion (Galea and Darian-Smith 1997a) . The authors concluded that the recovery of manual dexterity was not due to a substantial reconstruction of the lesioned projection but rather to enhancement of the transmission of information from cortex to spinal cord in a reduced number of CS and/or corticobulbospinal projections together with a contribution of effective use of spinal circuits.
As discussed above, most studies conducted in monkeys subjected to a lesion of the corticospinal tract were aimed at assessing the consequences of the lesion on the motor control.
Relatively few studies addressed anatomically the question of the degeneration versus survival of Wannier et al. Survival of CS neurons after spinal cord lesion-Archive 22/07/05 4 _____________________________________________________________________________ axotomized CS neurons. Based on Nissl stained material in primates, some earlier anatomical investigations suggested that pyramidotomy (Pernet and Hepp-Reymond, 1975; Wohlfarth, 1932) or cervical cord lesion (Holmes and May, 1909; Levin and Bradford, 1938; ) induced the death of a substantial part of the large CS neurons in the contralateral primary motor cortex (M1). For instance, in 3 monkeys, after unilateral pyramidotomy affecting 60, 90 and 100% of the CS tract, proportions of pyramidal cells in layer V of 53, 35 and 27%, respectively, were found to survive in the motor cortex (Pernet and Hepp-Reymond, 1975) . In other words, in contrast to the opposite hemisphere, a nearly complete unilateral pyramidotomy led to a cell loss of about 70% in the contralateral motor cortex, affecting the large more than the small pyramidal neurons. Another study (Holmes and May, 1909) investigated the effect of a unilateral lesion at cervical level (C1). In a macaque monkey, 157 days post-lesion, there was a great reduction in the number of giant cells in the opposite hemisphere, to about only one thirteenth of the normal number. In a chimpanzee, four weeks after a hemisection at C3, a considerable reduction of giant cells was found in the contralateral hemisphere (Holmes and May, 1909) . In humans, 2 cases subjected to a cervical lesion at C7 showed to a dramatic loss of giant cells in the contralateral hemisphere, as observed 100-200 days post-lesion (Holmes and May, 1909) . In spite of some variability, in relation to the site of the lesion (pyramidotomy versus cervical lesion) and duration of survival, these studies of CS tract lesion in primates support the notion of a substantial loss of pyramidal neurons in the opposite cortex, preferentially affecting giant cells. Similarly, bilateral transection of the main CS tract at T9 level in the rat was claimed to lead to a cell loss of about 40%, as observed 4 weeks after injury (Hains et al., 2003) .
In contrast to the above studies describing cell loss in the cerebral cortex due to retrograde degeneration following lesion of the CS tract, other authors came to the opposite conclusion. In primates (human and monkeys), it was reported that there was no retrograde degeneration with breakdown and loss of neurons after section of the CS tract (Davison 1937; Lassek 1948; Tower 1940) . The latter author claimed that the axotomized giant CS cells, the so-called Betz cells, exhibited changes characterized by shrinkage and loss of Nissl substance. In other words, the normal configuration of the axotomized cells was lost, but they survived (Lassek 1948 was found only in the region immediately above the lesion, namely in the pons, but not above, consistent with a survival of the axotomized neurons in the cerebral cortex (Tower 1940) . In a human subject with a lumbar lesion, a retrograde degeneration of CS axons was present rostral to the lesion, but not above C5 level (Bronson et al., 1978) . In hamsters subjected to unilateral pyramidotomy (Kalil and Schneider 1975) , no significant cell loss was observed in the cerebral cortex. However, there was a shrinkage of most large pyramidal cells in layer V. The retrograde degeneration of the transected axons was limited to a distance of 6-7 mm rostral to the lesion, as observed after 14 months post-lesion (Kalil and Schneider 1975) .
The review of the literature above indicates that the issue of cell loss after lesion of the CS tract at pyramidal or segmental level remains controversial. The aim of the present study was therefore to re-examine the issue of cell loss in the cerebral cortex following a hemisection at cervical level (C7) in two macaque monkeys. In contrast to the previous studies in primates conducted on Nissl-stained material, we took advantage of the use of a marker (SMI-32) that preferentially stains pyramidal neurons, including CS neurons, thus allowing better identification of the cells included in the analysis than in Nissl material. The anatomical investigations took place at a time (116 and 194 days post-lesion) when the incomplete behavioural recovery of manual dexterity of the affected hand reached a plateau. In other words, the observations were conducted when there was behavioural and electrophysiological evidence for a relatively stable situation in term of re-organisation of the cerebral cortex (see also Schmidlin et al., 2004) .
We established the number and size of pyramidal neurons in layer V of cortical regions from which the CS tract originates in both hemispheres. The data were then compared between the two hemispheres, and could be interpreted as follows. If axotomized CS neurons do not degenerate, then the data should be comparable in the two hemispheres. On the other hand, if degeneration occurs, the hemisphere contralateral to the cervical hemisection may exhibit a decreased number of CS neurons, as compared to the ipsilateral hemisphere. Finally, the data obtained in the two monkeys subjected to cervical hemisection were compared to data derived from two intact animals. 
Materials and Methods

Overview of the whole experimental protocol
The present data have been derived from a long-term protocol described earlier (Schmidlin et al., 2004) , which can be summarised as follows: Experiments were conducted on four adult (3-8 years old) Rhesus monkeys (Macaca mulatta), in accordance with the Guide for the Care and Use of Laboratory Animals (ISBN 0-309-05377-3; 1996) and approved by local (Swiss) veterinary authorities. Two adult monkeys (Mk1 and Mk2; 3-4 years old), each weighing around 4 kg, were subjected to a hemisection of the cervical cord. On these 2 animals, an intensive pre-lesion training was initally performed in order to establish a stable behavioural score in manual dexterity tasks involving both hands. An extensive somatotopic map was then established in and around the "hand" area in M1 on both hemispheres, using ICMS mapping techniques, as previously reported (Liu and Rouiller 1999; Rouiller et al., 1994a Rouiller et al., ,b, 1996 . A unilateral lesion was performed at the C7/C8 border on the left side and the behavioural performances were assessed at regular intervals for several months post-lesion, until the animals reached a plateau reflecting a high level of spontaneous functional recovery of manual dexterity. The extensive somatotopic map in M1 was then re-established post-lesion in order to determine whether plastic changes took place during the recovery period. Finally, reversible inactivation techniques were applied in order to identify cortical territories possibly contributing to the incomplete recovery of manual dexterity. The behavioural and electrophysiological results derived from these 2 animals are described in a separate report (Schmidlin et al., 2004) . The present article is focussed on anatomical aspects dealing specifically with the issue of death/survival of CS neurons after cervical hemisection. Therefore, only the methods relevant to this specific issue will be described in detail below. In addition, the anatomical data derived from the 2 lesioned monkeys were compared with data derived from two intact monkeys (Ctrl1 and Ctrl2; used in Liu et al., 2002) , 5 and 8 years old and weighing 5 and 11 kg, respectively. Before surgery, the animal was treated with the analgesic Carprofen (Rymadil®, 4 mg/kg, s.c.). An intravenous catheter was placed in the femoral vein for continuous perfusion with a mixture of propofol 1% (Fresenius ®) and a 4% glucose solution (1 volume of Propofol and 2 volumes of glucose solution), to induce a deeper anaesthesia. The animal was then placed in a stereotaxic framework. During the surgery under aseptic conditions, heart rate, respiration rate, expired CO 2 , arterial O 2 saturation and body temperature were monitored. Usually, the level of anaesthesia remained deep and stable at a rate of venous perfusion of the Propofol/glucose mixture of 0.1 ml/min/kg. An extra intravenous bolus of 0.5 mg of ketamine diluted in saline (0.9%) was added at potentially more painful steps of the surgical procedure, such as laminectomy.
Placed in a ventral decubitus position, the animal had a pillow under his chest and his head was kept in a flexed position ventrally to expose the posterior cervical region. Under sterile conditions, a vertical midline skin incision was performed from C2 to Th1. The fascia was cut and the spinal processes from C2 to Th1 were exposed. The paravertebral muscles were retracted and the laminae of C6, C7 and Th1 were dissected. A complete C6 laminectomy and an upper C7 hemilaminectomy were then performed. The ligamentum flavum was removed. The dura mater was exposed and incised longitudinally. Under the microscope, the dorsal root entry zones were easily identified. To complete the left unilateral section of the spinal cord at the C7/C8 border, the dorsal root entry zone was the most medial landmark. From this target, a surgical blade (no 11, Paragon®) was inserted 4 mm in depth perpendicularly to the spinal cord, and the section was prolonged laterally to completely cut the dorsolateral funiculus. The rostro-caudal level where the dorsal rootlets entering respectively the 7 th and the 8 th cervical spinal segments meet, corresponds to the rostral zone of the spinal portion covered by the 6 th cervical lamina. The aimed lesion is located caudal with respect to the main pool of biceps motoneurons but rostral to the pools of triceps, forearm and hand muscle motoneurons (Jenny and Inukai 1983) . The muscles and the skin were sutured and the animal recovered from anaesthesia usually 15-30 minutes after
Wannier et al. Survival of CS neurons after spinal cord lesion-Archive 22/07/05 8 _____________________________________________________________________________ interruption of the venous perfusion with propofol. The animal was treated post-operatively with an antibiotic (Ampiciline 10%, 30 mg/kg, s.c.). Additional doses of Carprofen were given daily during one week (pills of Rymadil mixed with food). After the spinal lesion, the animal was kept alone in a separate cage for a couple of days, to allow better conditions for recovery than the usual housing in groups with other monkeys. Because these animals will be used as a control group for on-going investigations aimed at assessing the effect of a regenerative treatment, an osmotic pump (Alzet®, 2ML2) delivering a monoclonal mouse IgG (concentration: 3.7 mg/ml, flow: 5 l/h) was inserted in the neck muscles and once changed after 2 weeks. In order to deliver the antibody in close proximity of the lesion, the free tip of a polyethylene tube attached to the pump was fixed under the dura few mm rostrally to the lesion. paralongitudinal plane at the site of the lesion and transversally at the level of the first cervical segments as well as of thoracic segments caudal to the lesion. The sections were distributed into eight series for the brain and 4 series for the spinal cervical cord. Histological processing to visualise the tracers was described in detail previously (Rouiller et al., 1994a (Rouiller et al., ,b, 1996 . The lesion site was reconstructed from camera lucida drawings of individual consecutive Nissl-stained sections of the spinal cervical cord. An alignment of the drawings allowed reconstruction of the location and extent of the lesion on a transverse view of the spinal cervical cord. A series of brain and spinal cord sections was treated immunocytochemically with SMI-32 antibody in order to visualise layers III and V pyramidal neurons, as recently described in detail (Liu et al., 2002) . The epitope recognised by the SMI-32 antibody lies on non-phosphorylated regions of neurofilament protein and is only expressed by specific categories of neurons (Campbell and Morrison 1989; Tsang et al., 2000) .
To evaluate the effect of the lesion on CS neurons, we selected coronal sections through motor cortical areas where no electrode penetration had been made. These areas were located in the medial wall of the gyri praecentralis in M1 and in the supplementary motor area (SMA; see inset in Fig. 2 ). On SMI-32 stained material, well stained lamina V pyramidal cells were easily identifiable even using low magnification (x40). Since, some cells (particularly in the contralateral M1) were faintly stained and would have escaped observation at low magnification, the quantitative analysis was conducted using a higher magnification (x400) for a better discrimination. The number of SMI-32 stained lamina V cells and the projected surface of their cell body was obtained from digitised photomicrographs using appropriate software (Olympus DP 10® and Neurolucida®).
The neurons included in this analysis were SMI-32 positive, had a visible nucleus and were located in layer V (Figs. 2 and 3A) . Because of the presence of large apical dendrites, the limits of the soma along their axis was sometimes difficult to define, we therefore considered that, along large apical dendrites, the soma ended at a distance of 20 m from the nucleus (Fig. 3A) . For comparison, brain sections from two intact animals (Ctrl1; Ctrl2), which had been included in a previous study (Liu et al., 2002) , were used as control material for Nissl and SMI-32 analysis.
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Counts of SMI-32 positive neurons and measurements of their somatic cross-sectional area were performed for each of the four monkeys and on both hemispheres on 4 coronal sections taken in M1, separated by 800 m each, and on 4 coronal sections taken in SMA-proper, also separated by 800 m each. On each section, a segment of layer V of similar length was taken from each hemisphere along which the SMI-32 positive cells were counted. Overall, the total length of layer V analysed was the same in each hemisphere within each animal. Moreover, the thickness of the analysed sections was measured for each hemisphere in the zone of measurements, using Neurolucida to determine along the vertical axis the distance between points of focus adjusted to the top and to the bottom of the section. It was found that the sections shrank to a large degree (50 to 60%) along the vertical axis but, importantly, the shrinkage was very similar for the two hemispheres of a given section. In other words, cell counts and somatic cross-sectional area measurements were performed on hemispheres of comparable thickness, for each section analyzed. Consequently, the quantitative comparisons regarding the number of pyramidal neurons and their somatic cross-sectional area have been conducted on comparable volumes of tissue in the two hemispheres.
To quantitatively compare the SMI-32 staining density in the laminae of the left and right M1, an image density analysis was performed. Microphotographs were first captured from four different SMI-32 stained sections using the same illumination and constant digital camera sensitivity. The microphotographs were stored as uncompressed black and white bitmap files, with the value of each pixel corresponding to the grey level (i.e. luminosity) of a specific section site. The microphotographs were oriented so that the cortex surface was on the left side, the cortex columns running on horizontal planes. The data were then read as a matrix using IDL® software, in which the matrix lines contained the luminosity values along a cortical column and the matrix columns the luminosity values at a specific distance from the cortical surface. This procedure was repeated for four sections and the mean of all eight (left and right cortex) total density values calculated and plotted together with their standard deviation (Fig. 3D) . 
Results
Cervical cord lesion
The precise location of the CS axons in the cervical enlargement of normal monkeys was derived from material obtained in a previous study (Rouiller et al., 1996) . As a result of unilateral injection of the anterograde tracer BDA in the hand representation in M1 of an intact monkey, labelled CS axons formed three tracts of fibres in the cervical cord (Fig. 1A) . The majority of CS fibres occupied the contralateral dorso-lateral funiculus, representing 86% of all CS fibres labelled in this animal. Also in the dorsolateral funiculus, but ipsilateral to the injection in M1, CS axons were observed and represented a proportion of 12%. Finally, a relatively small contingent of BDAlabelled fibres was found in the ipsilateral ventral funiculus (2%). This distribution of CS axons at cervical level is largely consistent with that observed at lumbar level as a result of massive BDA injection in the M1 hindlimb area in macaque monkeys (Lacroix et al., 2004) .
For both lesioned animals, the extent of the lesion was assessed by reconstructing the incision site from histological sections. In the first animal (Mk1; top panel in Fig. 1B) , the knife cut most of the left dorsolateral funiculus, the lateral part of the ventral horn and the white matter lying immediately ventrally to the latter. The dorsal, the ventromedial and lateral part of the ventrolateral funiculi were preserved. This knife cut thus sectioned most if not all of the CS fibres descending through the left dorsolateral funiculus, but preserved the ventro-medial part and the undecussated CS fibres on the opposite side. In the second animal (Mk2; bottom panel of Fig. 1B) , the section was larger and only the dorsal and the ventromedial funiculi were preserved on the lesioned side.
The BDA injections in the motor cortex contralateral to the lesion anterogradely stained the CS axons only to the upper cervical level, in spite of a survival time of 21 and 36 days in Mk1 and Mk2, respectively. In intact monkeys, a survival time of 20 days was sufficient for the BDA to be transported down to the thoraxic segments (Rouiller et al., 1996) , suggesting that the axotomy of the CS tract substantially reduced the axonal transport rate of BDA. Consequently, BDA staining could not be used to visualise the interruption of the CS axons at the site of the knife cut. However, because axons of layer V neurons were strongly labelled for SMI-32 in the white matter underlying the cerebral cortex, we tried to stain a series of cervical cord sections for SMI-32. We observed the 22/07/05 12 _____________________________________________________________________________ presence of SMI-32 positive axons in the spinal cord, corresponding to the CS axons as evidenced by their spatial distribution corresponding to the 3 groups of axons labelled with BDA after injection in the opposite M1 (Fig. 1A) .
In both lesioned monkeys, on a transverse spinal cord section at thoracic level, the dorsolateral funiculus on the side contralateral to the lesion contained numerous SMI-32 stained axons Fig. 1C and E) . In contrast, few or no SMI-32 stained axons were seen in the dorsal and dorsolateral funiculi on the ipsilateral side ( Fig. 1C and D) , except on its most dorsal aspect where ascending axons of the spino-cerebellar tract are passing. On transverse sections taken from the first cervical segments (above the hemisection), SMI-32 stained CS axons were observed bilaterally in the dorsolateral funiculus. On paralongitudinal sections at the level of the lesion, numerous stained fibres were seen in the dorsolateral funiculus rostral to the lesion, whereas very few remained visible in the dorsolateral funiculus caudal to the lesion (Fig. 1F) . This observation suggests that the section interrupted most of the CS tract fibres running unilaterally in the dorsolateral funiculus. All SMI-32 stained CS axons ended about 1 mm above the level of the knife-cut (Fig. 1F ) and the tip of some of them was swollen corresponding to retraction bulbs, indicative of a retraction process. To clarify if some spontaneous regeneration of the severed axons had occurred, we looked for the presence of processes crossing the site of the knife-cut as well as for axons bending away from their normal course to turn around the lesion. Neither SMI-32 labelled fibres crossing the knife-cut nor bent axons in the dorsolateral funiculus were observed.
However, some few darkly stained processes were sometimes seen locally at the level of the lesion (Fig. 1F) . As the intensity of their staining was different from that observed in CS axons in the dorsolateral funiculus, but was similar to that of dendrites in the adjacent grey matter, these structures were assumed to be dendrites of local neurons extending into the damaged tissue.
2. Do CS neurons whose axon has been severed in the cervical cord degenerate?
The hand area of M1, in which repeated penetrations with tungsten electrodes were performed during the electrophysiological mapping and subjected to injection of BDA, was not suitable for an anatomical analysis of CS neurons. However, CS neurons in M1 represent about Wannier et 
13 _____________________________________________________________________________ 35% of the whole CS population, the remaining CS neurons being dispersed mainly among nonprimary motor areas, such as the caudal portion of the supplementary motor cortex (SMA-proper), the premotor cortex (PM), the cingulate motor areas (CMA), and somatosensory areas. The analysis focussed on the mesial part of M1 and SMA proper (black rectangles in the inset of Fig. 2), whose vertical position above the cingulate sulcus allowed an easy comparison between the two hemispheres on the same coronal section. This M1 region contains CS neurons which normally project down to the lumbar segments but whose axons have been sectioned by the cervical hemisection. The analysis was extended rostrally to include SMA-proper. To avoid counting bias related to the presence of cortex curvatures, the quantitative analysis was restricted to regions where the cell columns are perpendicular to the cortical surface. On Nissl-stained sections, the ipsilateral M1 ( Fig. 2A) and SMA-proper were characterised by the presence of numerous and large perikaria in layer V (typical pyramidal cells), the layer of origin of the CS tract.
In the contralateral M1 (Fig. 2B ) and SMA proper, in contrast, the layer V appeared strongly impoverished of large pyramidal cell bodies. The same observations were made on SMI-32 stained material ( Fig. 2C and D) .
These preliminary qualitative observations suggest that the large pyramidal cells of layer V in the contralateral hemisphere may have degenerated as a result of the cervical lesion. Alternatively, the neurons could also have shrunken and/or reduced their expression of non-phosphorylated neurofilaments, thereby losing their strong SMI-32 staining. In fact, faintly stained neurons were rather frequent in the contralateral M1 and SMA-proper (Fig. 3A) and can easily escape detection at low magnification (40x). The lamina V neurons were therefore analysed quantitatively at higher magnification (400x): they were counted and their somatic cross-sectional area was measured on sections taken at several rostro-caudal coordinates.
The analysis was conducted in the two lesioned monkeys and, for comparison, on material taken from two unlesioned animals (Ctrl1, Ctrl2). For each monkey, in both M1 and SMA-proper, the number of SMI-32 positive neurons in layer V was comparable between the two hemispheres (Fig. 3B) . To investigate whether CS cells' shrinkage took place as a result of the cervical lesion, measurements of somatic cross-sectional area were performed in each monkey and each 22/07/05 14 _____________________________________________________________________________ hemisphere, separately for M1 and SMA-proper (Fig. 4) For the lesioned animals and in M1, the results indicate that the majority of the largest cells were located in the ipsilateral hemisphere and that the majority of the smallest neurons were located in the contralateral hemisphere (Fig. 3C ). These differences were statistically significant (Chi-square test, p<0.05). For the unlesioned animals such differences were not observed in M1 (Chi-square test, p>0.05), and somatic cross-sectional areas were comparable in both hemispheres. These data therefore indicate that following a section of their axons in the cervical cord, the CS neurons in (Fig. 3C ). This negative result in SMA-proper is consistent with the absence of significant difference in the somatic areas distribution (Fig. 4, bottom panel) .
To clarify if the changes were restricted to lamina V or if they also affected lamina III neurons, the staining density of four microphotographs of the left and right M1 have been calculated and compared. The results indicate that the mean density was comparable in both hemispheres for layers I to IV, but decreased for layer V in the contralateral hemisphere as compared to the ipsilateral one (Fig. 3D ).
Discussion
Extent of the cervical lesion
Following a hemisection of the cervical cord at level C7/C8, most pyramidal neurons in layer V of the contralateral motor cortex survived. However, in M1, the axotomized neurons exhibited a significant shrinkage of their soma and a parallel decrease of SMI-32 immunoreactivity. In the spinal cord, SMI-32 immunocytochemistry allowed to visualized the CS axons and thus to evaluate the extent of the contingent of CS axons severed. To our knowledge, this is the first observation 16 _____________________________________________________________________________ directly by the CS system to spinal segments caudal to the lesion (and including that of the spared uncrossed projections) was eliminated. This important loss of descending influence was corroborated by the flaccid paresis of the hand and leg observed immediately after the lesion and by the inefficacy of intracortical microstimulation (ICMS) to elicit hand and finger movements during the period immediately following the lesion (Schmidlin et al., 2004) .
Cross-sectional somatic area measurements
The quantification of SMI-32 positive neurons in layer V, together with the determination of their somatic cross-sectional area, led to our conclusion that most axotomized CS neurons in M1 survived but shrank (Figs. 3 and 4) . Indeed, in each of the two animals subjected to a unilateral section of the main CS tract at cervical level, SMI-32 positive neurons in layer V of M1 contralateral to the lesion are significantly smaller than those located in M1 ipsilateral to the lesion, but their number does not change significantly. In the two control animals, no somatic area or number difference for SMI-32 positive neurons could be detected in M1 between the two hemispheres. The probability to obtain by chance this configuration of observations (two lesioned animals with an interhemispheric difference in somatic area and two control animals without difference) is low, amounting to about 0.11. Because of the small number of animals (n=4), this figure is not statistically significant in the usual sense (p<0.05); however, these data can be considered as strongly suggestive.
The values of somatic cross-sectional areas of SMI-32 positive pyramidal neurons in layer V obtained in M1 (Fig. 4) showed a substantial variability within an individual animal, as well as across monkeys. However, the soma areas values are generally consistent with the average diameter of 34.5 m reported for CS neurons in Macaca mulata (Nudo et al., 1995) , as well as with the range of diameters (10 to 58 m) obtained from CS neurons retrogradely labelled as a result of tracer injection in the spinal cord (Murray and Coulter, 1981) . More directly, the somatic crosssectional area values of Figure 4 are consistent with the areas derived from the dimensions of six intracellularly labelled CS neurons (Gosh and Porter, 1988) , ranging from 650 to 1000 m 2 . A large variability of perikaryal size has also been reported in general for pyramidal cells in the cat, in
Wannier et al. Survival of CS neurons after spinal cord lesion-Archive 22/07/05 17 _____________________________________________________________________________ sensory cortices and, even more pronounced, in the motor cortex (see Feldman, 1984) . In addition to inter-individual differences, different shrinkage factors of the tissue during fixation and histological processing may explain the wide inter-animal variability (Fig. 4) . The shrinkage of the CS axotomized neurons after the cervical hemisection appeared clearly in M1 but, in SMA-proper, the soma areas tended to be smaller (but not significantly) in the hemisphere contralateral to the lesion compared the ipsilateral one (Fig. 4) . The less dramatic impact of the lesion on SMA-proper as compared to M1 in term of shrinkage of the axotomized neurons, as seen in Figure 4 , can be explained by the lower number of CS neurons in SMA-proper than in M1. Therefore, measurements conducted on a general population of pyramidal neurons in layer V involve proportionally less axotomized CS neurons in SMA-proper than in M1, explaining why the difference was smaller in the former than the latter area.
Technical considerations
The reduction of the anterograde transport velocity of BDA after injection in the contralateral M1 in Mk1 and Mk2 was unexpected. In intact animals, the transport time that we used here would have been fully sufficient to stain CS fibres down to the thoracic segments (see Rouiller et al., 1996) , whereas in the two lesioned animals, it only enabled to stain CS axons down to the rostral most cervical segments. In young and juvenile macaques subjected to a spinal hemisection similar transport times were used successfully for retrograde transport (Galea and Darian-Smith 1997a) .
The reasons for the slow transport velocity in the present study are unknown, but the age of the animals at the time of the lesion as well as the duration of the survival time following the lesion could contribute to this discrepancy. In rodents, axotomy reduces the retrograde transport velocity in a way that varies in function of the time from the moment of the lesion to that of the injection of the tracer (Tseng et al., 1995) .
CS cells survival after transection of the CS tract: comparison with previous studies
Cell death has long been used as tracing method (retrograde degeneration) enabling identification of the cells of origin and the course of projecting systems, although its feasibility has Wannier et al. Survival of CS neurons after spinal cord lesion-Archive 22/07/05 18 _____________________________________________________________________________ been questioned (see e.g. Kuypers 1981) . Following a section of the CS tract, such changes have been reported in the layer V of motor cortex of primates (Levin and Bradford 1938; Pernet and Hepp-Reymond 1975; Walker and Richter 1966) , including human subjects (Holmes and May 1909; Wohlfarth 1932 ). In the macaque monkey, a quantitative analysis of Nissl stained material indicated that up to 63% of the pyramidal cells disappeared from layer V following a complete unilateral pyramidal transection (pyramidotomy) and that the large pyramidal neurons were more affected than the small ones (Pernet and Hepp-Reymond 1975) . Our low magnification observations on Nissl and SMI-32 stained material (Fig. 2) would lead to conclusions consistent with these previous studies, suggesting that many large pyramidal neurons may have disappeared from layer V in M1 and SMA-proper. However, our quantitative analysis of the SMI-32 stained material at high magnification led to another conclusion. SMI-32 positive cells are mostly projecting neurons and, in the intact animal, the large layer V neurons in M1, presumably CS neurons, belong to the well stained elements (Campbell and Morrison 1989) . In our experiments, the comparison of both hemispheres for the number of SMI-32 stained neurons in M1 and in SMAproper did not show any significant cell loss in the hemisphere contralateral to the lesion. However, comparison of the somatic cross-sectional area of the stained cells in both hemispheres showed that the layer V neurons in M1 are significantly smaller in the contralateral hemisphere, thus indicating shrinkage of these neurons. In addition, the intensity of the SMI-32 cell staining was fainter in the hemisphere opposite to the lesion. These observations indicate that the layer V neurons survived but shrank. The shrinkage of the large pyramidal cells and the decrease of SMI-32 immunoreactivity could account for the discrepancy of the observations made at different magnifications in Nissl and SMI-32 stained material. The large cells shrank to the dimensions of other layer V neurons and thus lost their typical appearance in Nissl stained sections. The survival of at least a large portion of the CS neurons is confirmed by several other observations, which also demonstrated that the damaged CS fibres still reach the spinal segments rostral to the lesion.
Firstly, retrogradely stained neurons in the hand and foot region of the contralateral M1 were found after injecting a retrograde tracer just rostrally to a cervical spinal hemisection (Galea and DarianSmith 1997a) . Secondly, although the transport time was inadequate to stain CS axons down to 22/07/05 19 _____________________________________________________________________________ the lesion site, BDA injections in the M1 hand region of Mk1 and Mk2 stained numerous fibres down to the pyramids and entered the first cervical segments. Thirdly, our SMI-32 stained material showed positive axons in the dorsolateral funiculi at locations rostral to the lesion, presenting a comparable pattern of labelling of CS axons on both sides. Caudal to the lesion, SMI-32 stained axons almost entirely disappeared from the dorsolateral funiculus on the lesioned side. Since the axons of numerous large layer V pyramidal cells of M1 are SMI-32 positive, many of the stained axons in the dorsolateral funiculus are presumably CS axons. Altogether these data show that the sectioned CS axons survived and did not retract significantly from the lesion level (not more than 0.5 -1 mm; Fig. 1F ). This is in accordance with the distribution of apoptotic elements in the spinal cord of lesioned monkeys which are mainly found in the white matter caudal to a lesion affecting descending tracts (Crowe et al., 1997) . These considerations and the present SMI-32 data contradict the notion of a substantial loss of CS neurons after lesion of the spinal cord in primates, as suggested by some authors on the basis of Nissl-stained material (Holmes and May, 1909; Levin and Bradford, 1938; Pernet and Hepp-Reymond, 1975; Wohlfarth, 1932) . How to reconcile then the present observation of a survival of axotomized CS neurons with these retrograde degeneration data reported earlier? First of all, shrunken but rescued CS neurons may have been interpreted as a disappearance of large layer V neurons, as this can be seen on Nissl material, especially at low magnification (Fig. 2) . The use of the specific SMI-32 marker represents a clear advantage over Nissl material, to better identify the relevant population of neurons on which to perform counts and measurements. Secondly, most retrograde degeneration studies are cases in which the CS tract lesion was a pyramidotomy, a lesion thus located closer from the soma than our cervical hemisection, leading to a higher probability of cell loss than after a more caudally located lesion. The latter explanation is however unlikely because in one of these earlier studies the lesion was at cervical level and the authors concluded a significant cell loss had occurred (Holmes and May, 1909) , in contrast to the present results.
However, several observations in the literature in the primate and in Nissl material are consistent with the present results. Indeed, Tower (1940) , Lassek (1948) , Bronson et al. (1978) all reported a large survival of CS axotomized neurons, irrespective of whether the lesion was a Wannier et al. Survival of CS neurons after spinal cord lesion-Archive 22/07/05 20 _____________________________________________________________________________ pyramidotomy or affected the spinal cord itself. In particular, Lassek (1948) reached this conclusion based on a highly careful examination of cell size and cell appearance in layer V, as we did here using another marker, SMI-32. These detailed observations in both Nissl and SMI-32 materials demonstrate that the axotomized CS neurons lost some of their typical appearance and shrank, changes that were apparently not detected by the authors concluding to cell loss, possibly because they focussed their observations on the large layer V neurons without paying enough attention to smaller (shrunken) pyramidal cells.
The same controversy appears to be present in rodents. In the rat, it has recently been demonstrated that, after transection of the main CS tract (95% of CS axons, running in the dorsal funiculus) at T9 level, a significant proportion (40%) of the CS neurons projecting to this thoracic level underwent apoptosis one week after injury (Hains et al., 2003) . At four weeks after injury, cell loss of CS neurons was around 35-40%. As discussed by the authors, considering that about 40% of CS axons reach the T9 level, the cell loss thus represents about 14% of all CS neurons. In the present study, considering that the lesion was at cervical level, a comparable rate of cell loss would have resulted in a substantially larger loss of cell. The data presented in Figure 3 argue that, in contrast to the rat, there was no cell loss after cervical cord hemisection in the monkey. To explain such a species difference, one should consider that, in the monkey, the CS axons have been axotomized at a distance from the soma longer than in the rat, assuming that the further the lesion is from the soma the higher is the probability of survival. One may also speculate that CS axons in the monkey may give rise to more collateral projections, establishing contacts which may favour survival. More relevant maybe to explain the discrepancy between the rat and the monkey lies in the extent of the CS transection, which was bilateral in the rat (Hains et al., 2003) whereas it was unilateral in the present monkey experiments.
The evidence of cell loss in the rat (Hains et al., 2003) is, however, challenged by a study conducted in hamsters (Kalil and Schneider, 1975) , showing clear evidence for a survival of most CS axotomized neurons after unilateral pyramidotomy. This latter observation argues against the notion that a section of the axon relatively close to the soma leads to a retrograde degeneration up to the cell body. Indeed, Kalil and Schneider (1975) observed that the retrograde degeneration of 22/07/05 21 _____________________________________________________________________________ the axon was limited to a distance of 6-7 mm. The main difference between the two studies is that the observation of Hains et al. (2003) were made after a survival time of 4 weeks, whereas Kalil and Schneider (1975) followed the changes up to 14 months.
What then is the difference between the studies arguing for a cell loss and those arguing for a cell survival, making the latter more plausible? Cell loss was a conclusion drawn from observations limited to the soma of the CS neurons in the cerebral cortex and without quantification of somatic cross-sectional areas. In contrast, the studies supporting the scenario of cell survival not only examined quantitatively and in detail the situation in the cerebral cortex (counts of cells and measurements of soma areas), but also looked in detail at the status of the CS axons rostral to the lesion. These reports (Kalil and Schneider, 1975; Tower, 1940) and the present study all provide evidence that the CS transected axons underwent a retrograde degeneration, but limited to a short distance above the lesion (a few mm), consistent with a survival of the soma of origin.
Considerations related to the recovery from CS tract lesion
As described in a separate report (Schmidlin et al., 2004) , the two monkeys subjected to the cervical cord lesion exhibited a spontaneous, incomplete recovery of the hand manual dexterity reaching, after about 50 days, a level of 70 and 20% of the pre-lesion behavioural score in Mk1 and Mk2, respectively. One may think that the absence of death among the axotomized CS neurons is a factor favourable for such a remarkable spontaneous recovery. The large survival of axotomized CS neurons in primates thus represents a good news in the context of developing treatments aimed at enhancing such recovery. Indeed, in primates, a rapid treatment post-lesion aimed at preventing cell loss does not seem necessary. In other words, in primates, treatments can be directly focussed on promoting regeneration of transected CS axons and/or triggering the recruitment of minor CS tracts preserved by the lesion. It has been shown that such preserved minor CS tracts can give rise to axonal sprouting, as observed in the rat even in absence of treatment (Weidner et al., 2001) . The large survival of axotomized CS neurons in primates is thus favourable for promoting compensatory sprouting from the transected axons along their trajectory, 22/07/05 22 _____________________________________________________________________________ in order to recruit other descending pathways (e.g. rubrospinal projection), allowing a re-routing of motor commands to the motoneurons. Such a mechanism of compensatory sprouting was demonstrated to be enhanced in rats subjected to unilateral or bilateral pyramidotomy or to motor cortex lesion and treated with an antibody neutralising the neurite growth inhibition protein "Nogo" (Raineteau et al., 1999 (Raineteau et al., , 2001 (Raineteau et al., , 2002 Wenk et al., 1999; Z'Graggen et al., 1998) . The two monkeys subjected to cervical hemisection in the present study are animals representing a model to assess the degree of recovery after such a lesion, that will be compared in the near future to monkeys subjected to the same lesion but treated with the antibody neutralising "Nogo". showing the distribution of BDA labelled CS axons as a result of BDA injection in the right M1 of an intact monkey. These data were derived from a previous set of experiments (Rouiller et al., 1996) .
In the white matter, each labelled CS axon is represented by a dot corresponding to the position of its cut diameter when focussing on top of the section. The light grey area corresponds to the grey matter. The dark grey spot indicates the position of ramifying CS axons in the grey matter, thus forming a dense terminal field where boutons are visible. As indicated by the arrow, a small region of the section is illustrated by a photomicrograph, on which a part of the dorsolateral funiculus and a portion of the grey matter in the dorsal horn are visible (upper right part of the photomicrogaph).
In the white matter, the cut CS axons labelled with BDA appear as black dots. See text for detailed and quantitative descriptions. Scale bar: 500 μm. Note on the left (rostral to the lesion) the presence of numerous SMI-32 stained CS axons, whereas on the right (caudal to the lesion) no CS axon is visible. Scale bar: 500 μm. and for the two lesioned monkeys (Mk1 and Mk2). The soma areas did not follow a normal distribution and therefore were graphically represented in the form of box plots (putting emphasis on the median value rather than the mean value). Accordingly, the statistical analysis was conducted using a non-parametric unpaired test (see below). In the box plots, the horizontal line in the box corresponds to the median value, whereas the top and bottom of the box are for the 75 and 25 percentile values respectively. The top and bottom extremities of the vertical lines on each side of the box are for the 90 and 10 percentile values, respectively. The white boxes are for the left hemisphere, ipsilateral to the cervical hemisection in the 2 lesioned monkeys. The gray boxes are for the right hemisphere, opposite to the lesion in the 2 lesioned monkeys. A statistical comparison between the two hemisphere was conducted for each animal using the non-parametric Mann and Whitney test. In M1, the two lesioned monkeys exhibited a significant difference of soma area across hemispheres (*=p<0.01; ***=p<0.0001), whereas the other comparisons did not show any statistically significant difference (n.s.=p>0.05).
